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We report x-ray magnetic linear dichroistkMLD ) measurements at the [Eg 5 absorption edges of thin
antiferromagneti¢AFM) LaFeQ, films grown epitaxially on SrTi@ (100 and (110 substrates and a stepped
(100 substrate with a 2° miscut. The spin structure in the near-surface region of the thin films, and in particular
the orientation of the AFM axis, has been derived from the observed polarization dependence. We show that in
all cases, the orientation of the AFM axis differs from that of bulk Lake® particular, we find that the AFM
axis is rotated away from its bulk orientation and lies parallel to(11d) plane of the underlying cubic SrTiO
substrate, with its projection on the film surface parallel to ¢hexis of the orthorhombic LaFeQcrystal
lattice. Our results are of importance in light of existing models for the exchange coupling and bias of
antiferromagnetic/ferromagnetic multilayers. They indicate the inadequacy of models that assume a bulk like
spin structure near surfaces and interfaces.
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[. INTRODUCTION tion of the AFM spin alignment in thin films and at surfaces.
In particular, we report polarization-dependent soft x-ray ab-
Thin film magnetic multilayers offer a wide variety of sorption studies on structurally well-characterized AFM
fascinating scientific effects and many applications in theLaFeG; thin films, epitaxially grown on SrTiQwith differ-
magnetic recording industfy® An important class of mag- ent crystallographic orientations. We show that in all cases
netic multilayers contains antiferromagneti@FM) thin  the magnetic structure in the near-surface layer of the epitax-
films. Such structures are used in the ultrasensitive magnetial thin films differs significantly from that in the bulk. This
read heads of today’s advanced hard disk dfivesd are is explained in terms of the close link between crystallo-
likely to be used in tomorrow’s nonvolatile magnetic graphic strain and AFM order and domain structure. Our
memory devices.In these structures the AFM layer is used results point to the importance of using the true AFM struc-
to align (“pin” ) a ferromagnetic reference layer thereby de-ture near interfaces as the basis of realistic exchange cou-
fining a preferred magnetic direction. Relative to this direc-pling models.
tion the magnetization of a second ferromagnetic layer can
be switched. This results in a change of the electric resistiv-
ity of the structure, the giant magnetoresistance effect, Il. EXPERIMENTAL DETAILS

which can be exploited for reading or storing of information.
D d g The crystal structure of LaFeQs sketched in Fig. @).

The pinning of the magnetization direction of a ferromag- ! . .
netic layer by an adjacent AFM layer, so-called exchangérhe parameters of the orthorhombic lattice, which belongs to

bias, was discovered almost 50 years Addespite active e anmsl%al\fe group, ara=5557 A, b=5565 A, and
research on this topic, the exchange-bias effect is still poorl§ = 7-894 A-O' 12LaFeQ is AFM with a bulk Neel tempera-
understood?® Clearly, the fundamental question is how the tUreé of 740°C,” and lt?e AFM axis is oriented along the
spin structure in the antiferromagnet influences that of th&'ystallographia axis: _ o
ferromagnet. Experimentally, the major obstacle with con- We studied thin LaFe films grown epitaxially on

ventional tools has been the lack of sensitivity to the inter-S7 1105 substrates wit{110) and (100 surface orientations.
face region. Neutron and optical techniques are bulk sensil® Measurements presented here were obtained on 26 nm

tive, and fail to give the required interface specific spinthi” films, but we also investigated films with thicknesses

structure information. Also, in practice, the AFM films are fanging from 4 nm to 40 nm without finding any thickness
quite thin (of the order of 50 nthand the determination of dependence of our results. The films were prepared in a mo-
the AFM structure in such thin films remains a challenge. Fot€cular beam epitaxyMBE) system with film growth by
lack of better knowledge, models of exchange bias hav&€ans of a block-by-block method at 750°C under a beam
therefore assumed that the AFM structure in thin films isCf attzrgnc oxygen with a partial oxygen pressure of
identical to that in bulk single crystals and that the AFM 2> 10 Torr== This method has been shown to yield high-
structure at the ferromagnetic interface remains bulk likeuality epitaxial f",msl- o
Here we show that these assumptions can be incorrect. SrTiO; is an ideal substrate for epitaxial growth of
Our study highlights the power of x-ray magnetic linear LaFeéQ because of its well-matching lattice constantof
dichroism (XMLD) spectroscopy, carried out by means of =3-905 AX® The gray planes in Fig.() indicate how the
surface-sensitive electron yield detection, for the determinacubic (010 and (110) planes of SrTiQ fit into the ortho-
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FIG. 1. (A) Orthorhombic unit cell of LaFe® The AFM axis is
oriented along the crystallographacaxis. The cubic notation refers
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(110 substrate and the LaFg@Im is illustrated in Fig. 1A)
by the light gray area for the twin with theeandc axes lying
in the film surface. This area indicates within the LakeO

lattice the SrTiQ (110) substrate surface, hence, the orien-
tation of the LaFe@ lattice relative to the cubic axes of the
SrTiO; substrate. The corresponding growth plane for the
other twin is the SrTiQ (110) plane, which is obtained by

rotating the SrTiQ (110) plane by 90° around thg01]
axis. The in-plane orientation along SrEiQ001] of the ¢
axis of these twinned domains gives the film macroscopi-
cally a twofold crystalline symmetry about the surface nor-
mal.

The crystallography of the twinned domains present in a
LaFeG film grown on a SrTiQ (100) substrate is illustrated
in Fig. 1(C). Both twins have the andb axes canted 45°
from the film surface and the axis lies in the film surface.
The twins differ by their in-plane orientations of tleeaxis,
which is oriented either along SrTiQ010] or [001]. This
gives the film a macroscopic fourfold crystalline symmetry
about the surface normal.

Soft x-ray absorption experiments were carried out at the
wiggler beamline 10-1 of the Stanford Synchrotron Radia-
tion Laboratory(SSRL), which is equipped with a spherical
grating monochromator. The energy scale of the monochro-
mator was calibrated using the literature value of 706.8 eV
for the L; absorption resonance of iron metdiwith the
entrance and exit slit height set to I/, the photon energy
resolution is about 200 meV in the energy region around the
Fe L, 3 absorption edges. This enables us to resolve the Fe
L, 3 near-edge x-ray absorption fine structihEXAFS) of
LaFeQ, with negligible experimental broadening. The foot-
print of the beam on the sample was about 0.5 mm vertically
and 1 mm horizontally and the spectra therefore represent
averages over the micrometer-sized twin domains.

The photon beam of the wiggler beamline 10-1 is nearly
linearly polarized. For photon energies close to thelkg

to the quasicubic sublattice, which has lattice parameters close tgbsorption edges, 85% of the radiation intensityli2|) is

those of cubic SrTi@ In (B) and(C), respectively, are sketched the
crystallographic orientations of the twin domains in a Lakdin
grown epitaxially on a SrTiQ (110 and (100 substrate. Note that
the c axis lies in the film surface of all twinned domains.

rhombic LaFeQ lattice. The LaFe@and SrTiQ lattice di-

linearly polarized in the horizontal plane, with the remaining
15% linearly polarized in the vertical plane. Experimental
spectra can therefore be modeled as a linear superposition of
two weighted spectra with orthogonal orientations of Ehe
vector?® The two orthogonal polarization components are in-
dicated by the axes of their electric field vect&sandE, in

rections are indicated in the figure by the black and grayFig. 2. While the electric field vector components of the in-

arrows and lines, respectively.

X-ray diffraction, plan view electron diffraction and con-
ventional transmission electron microscopyTEM)
analysid”*® show that all epitaxial films consist of twinned
crystallographic LaFeQdomains. Figure (B) illustrates the
crystallographic orientations of the twinned LaRef@mains
in the case of the SrTiO(110 substrate. Both twins grow
with the LaFeQ c axis lying in the film surface oriented
along the[001] axis of the SrTiQ (110 substrate, but they
differ with respect to theia- andb-axis orientations. In one
twin the a axis is qut of plane, alon§l10], and theb axis
lies in-plane alond110]. In the other twin theb axis is out
of plane and the axis lies in the film plane.

The relative crystallographic orientation of the Sr7iO

cident photon beam are fixed in space for our measurements,
the sample can be rotated independently about various axes
as shown in Fig. 2. In order to describe the orientation of the
incident x rays relative to the sample we introduce a Carte-
sian coordinate system with tlzeaxis parallel to the surface
normal. In case of the LaFg@ilm grown on a SrTiQ (100
substrate the two in-plane directions indicatedktandy are
oriented parallel to the SrTiKJ010] and[001] axes, respec-

tively, while they are oriented parallel to the SrEiQ110]
and[001] axes, respectively, in the case of the SrTi@10
substrate. A rotation by an angl@ about a vertical axis
allows variation of thek,, component within thex-z plane
(left pane) and, after a 90° sample rotation around zrexis,
within the y-z plane(right panel. One notices that for these
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T ~ LaFeQ [polarization-correctedRef. 23] grown epitaxially on
MI ; ¥ 'Z}\-,_‘w SrTiO; (110 as recorded for the two indicated normal incidence
eT: i == geometries using linearly polarized x rays. The two orthogonal ori-

entations of the electric field vector relative to the Lage@xis are
obtained by rotating the sample around the surface normal relative

) ) ) to the incident x rays. The observed polarization dependence is
FIG. 2. (A) Sketch of the experimental geometry illustrating the (gferred to as x-ray magnetic linear dichroi¢4MLD ).
orientation of the major horizontd&d, and minor verticak, linear

polarized components of the elliptically polarized x rays. The x rays . . . .
L . Our conclusions about the magnetic spin structure derived
are incident on the sample under the an@leneasured relative to -
fL?m the TEY absorption spectra therefore refer to the near-

the sample surface. The sample can be rotated independently abo

three orthogonal axes. When rotating the sample about a vertic:ﬁ_urface region of the film only. As discussed below, the TEY

axis, the major horizontal compone}, of the electric field vector signal, after Corre_ction of S_afcuration effects, is proportional to
rotates within thex-z (left) andy-z planesiright), respectively, with  th€ X-ray absorption coefficient. .
the angle between thg, vector and the surface normal matching N the experiments discussed here, the TEY signal was

the photon incidence angfe. Independent o8, the minor vertical ~ Obtained by measuring the sample photocurrent with a pico-
componen€, lies within the film surface oriented parallel to tge ~ampee meter. The observed yield signal was normalized to

or x directions, respectively. The in-plane orientation of the majorthe intensity of the incident photon beam as measured by the
electric field vector component is changed by rotating the samplg@hotocurrent of an 80% transmissive gold mesh. By normal-
about the surface normal. Finally, the photon incidence angle caizing all yield spectra to a common edge juthpvell above

also be altered by rotating the sample around a horizontal axis in ththe FeL edges in the region 790-810 eV, the plotted spectra
surface plane(B) Sketch of the electron scattering cascade follow- correspond to an absorption intensity per Fe ats in-

ing the Auger decay of a core electron vacancy. The probability fordicated in the figure captions, most spectra have in addition
a secondary electron to escape from the sample decreases with ijeen corrected for the incomplete experimental x-ray polar-
creasing absorption lengiy(hv). X gives the 1¢ sampling depth  jzation (thus corresponding to 100% linear polarizaffdn

measured perpendicular to the film surface, i.e., the thickness of thgnd saturation effects related to the TEY detection technique
subsurface region, which contributes 67% to the measured yields discussed below.

spectrum. Going from a normal to a grazing incidence geometry,

the effective x-ray penetration length perpendicular to the material
surface is reduced to= \,sin(®). Ill. RESULTS AND DISCUSSION

rotations the vertical component remains fixed within the A X-ray magnetic linear dichroism
film surface, oriented parallel to theandx directions, re- Typical FeL , 3 NEXAFS spectra of LaFeQare shown in
spectively. Fig. 3. For both selected normal incidence geometries, the
For the soft x rays employed in our study, the x-ray pen-electric field vector of the linearly polarized x raysies in
etration length of most materials is only fractions of a mi-the surface plane of the LaFg®m grown on SrTiQ (110).
crometer since the absorption is strong, and consequentfyor the solid line spectrum the electric field vector is ori-
transmission experiments require ultrathin samples. Totagénted perpendicular to the crystallograplsiaxis of both
electron yield detectidf is therefore the technique of choice crystallographic twin domains present in the film, while it is
for measuring absorption spectra of concentrated samplesriented parallel to the axis for the dashed line spectrum.
The total electron yieldTEY) signal consists predominantly The principal structure of the spectra is the same with two
of inelastically scattered Auger electréfss illustrated in  main peaks at both the; and thel, absorption edges. Their
Fig. 2(B). The TEY sampling depth is typically quoted as the comparison, however, reveals a pronounced polarization de-
1/e effective electron escape deph,?* which for the Fe  pendence with a similar signature at thgand thel , edges.
L, 3 absorption edges in LaFgQs about 20 A(see below. At both edges the first peak is higher for tBevector ori-
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ented perpendicular to theaxis of the LaFe@ film, while  vector oriented perpendicular to tleeaxis, which is in con-

for the E vector oriented parallel to the axis the second tradiction to our observation. The orientation of the AFM

peak is higher. axis can be determined quantitatively from a detailed analy-
Since the six oxygen atoms surrounding each Fe atom igis of the polarization dependence of the NEXAFS as dis-

the LaFeQ crystal structure have a higher electronegativitycussed below.

than Fe, LaFe@is an ionic compound in which Fe has a

valency of 3+ and ad® high-spin ground stat& Corre-

spondingly, the rich fine structure of the spectra can be ex- B. Magnetic versus crystallographic x-ray linear dichroism

plained by a multiplet calculation performed for an®fFeon

in a high-spin ground stafé,which considers the multiplet

coupling of the five Fe 8 valence electronr holeg in the

In nonmagnetic systems, the observation of an x-ray lin-
ear dichroism, i.e., the dependence of the absorption coeffi-

ground state and the multiplet coupling of the fout Boles cient for linearly polarized x rays on the relative orientation

and the  core hole in the final state. The oxygen IigandsOf the sample and the axis of the electric field vector, indi-
surrounding the F&" ion give rise to an octahedral crystal C@t€S the presence of a charge asymmetry resulting from a

field, which is taken into account via the cubicll§ crystal ~ Ponding environment with lower than cubic symmetry. The
field parameter. bes_t known examples are oriented molecules or polymer

The spectra for LaFeQcan be interpreted in terms of the chams?ol'27 In magnetic systems, a polarization dependence
calculated spectra fot-Fe,05.%° In both materials the Fe ¢an be induced by uniaxial magnetic order even in a cubic
atoms are surrounded by six oxygen atoms with the sam@nvironment, a well-known example being Ni&%° Even
local octahedral symmetry. Indeed, the x-ray absorptiorthough the total charge in the atomic volume may remain
spectra ofa-Fe,0; and LaFeQ are nearly identical. Kuiper isotropic, a polarization dependence relative to the magnetic
et al?® have determined the parameterDkf=1.45 eV for ~axis can exist in resonances that correspond to transitions
a-Fe,0; and a value of 1.8 eV has been found for LageO between specific multiplet states. This can give rise to strong
by Abbate et al?* Therefore, the same multiplet states x-ray magnetic linear dichroistiXMLD ),2>?33%of interest
contribute to the individual resonances of the two materialdiere, where large intensity changes are observed when the
and the polarization dependence of the spectra has the sarakectric field vector is aligned parallel and perpendicular to
origin. In particular, Kuiperet al. showed experimentally the magnetic axis.
and theoretically fora-Fe,0O; (Ref. 25 that the second Since only the local nearest-neighbor structure of Fe is
peak of theL; and of thelL, edge, i.e., the peaks at about cubic withinin the orthorhombic LaFeQattice, we need to
710 eV and 723.5 eVsee Fig. 3, are a particular convenient first clarify that the observed polarization dependence does
indicator for the orientation of the AFM axis relative to the not arise from a crystallographic or bonding efféct? In
x-ray electric field vector. Both peaks are largest whenghe cases where there is no structural transition any crystallo-
vector is parallel to the AFM axis and we shall use this resuligraphic polarization dependence should be unaffected by
below. temperature. In contrast, a magnetic origin would be re-

In general, more than one multiplet state contributes tovealed by a disappearing dichroism as theeNemperature
each of the peaks in the absorption spectfirBince these is approached. In a previous publicatidrwe have shown
different states typically differ in their polarization depen- that for LaFeQ the magnitude of the polarization depen-
dence, the intensities of the absorption structures typicallglence decreases with temperature as expected from a purely
vary between two finite extreme values and do not vanishimagnetic origin. Due to sample degradation of Lake®
completely for any orientation of the electric field vector high temperatures in vacuum, however, we were unable to
relative to the AFM axis. Therefore, at this point, we canheat the thin film above its N temperature to fully quench
only make a qualitative statement regarding the angular dethe polarization dependence.
pendence in Fig. 3, namely, that for the geometry of the This temperature range limitation can be overcome by
dashed spectrum the electric field vector is more closelyloping LaFeQ@ with strontium. From bulk studies it is
aligned with the AFM axis than for the geometry of the solid known that the Nel temperature decreases with increasing
spectrum. Hence, the averaged azimuthal orientation of th&r concentratiof® For about 40% of the La atoms re-
AFM axes of all domains contributing to the absorptionplaced by Sr, the N temperature drops below room tem-
spectrum is closest to theaxis. perature. We have grown a 40 nm thin L&ry gFeO5 film

This observation taken by itself is an important result,on a SrTiQ(110 substrate, for which the N¢ temperature
because without any analysis or manipulation of the experiis expected to be around 200K The Fe L, 3 NEXAFS
mental data, the linear dichroism revealed by these two “asspectra of such a sample recorded below and above take Ne
measured” spectra already indicates that the AFM structuréemperature are plotted in FigsA4) and 4B), respectively.
in the near-surface layer of the thin epitaxially grown We show polarization-dependent spectra recorded in the
LaFeG film is different from that in bulk LaFe@ To un-  same experimental geometries as the LaFgctra in Fig.
derstand this conclusion, let us assume that within each &. The spectra recorded at 100 K, well below the expected
the twinned domains the AFM axis was oriented as in theNeel temperature, reveal the presence of a strong polariza-
LaFeQG bulk, i.e., along the crystallographiz axis. With  tion dependence, which completely vanishes in case of the
reference to Fig. (B) we see that for a bulk like AFM axis room temperature spectra. This clearly demonstrates the
orientation we should have a larger second peak forBhe purely magnetic origin of the linear dichroism observed for
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FIG. 4. Fel,; NEXAFS spectrgpolarization-correctedRef. FIG. 5. (A) Normalized total electron yield spectra of LaR¢O

23)] of LaO.GerAFeQ for the two indicated geometrie%) below SrTIO3 (110) measured with the same in-plane orientation of the
and(B) above the Nel temperature. The absence of any dichroismelectric field vector in normalblack and grazing(dashed inci-
above the Nel temperature demonstrates the magnetic origin of thedeénce geometrjpolarization correctedRef. 23]. The differences
dichroism observed below the Bletemperature. The origin of the N peak heights and spectral shapes are due to saturation effects

broader absorption structures in comparison with LaFeOdis-  in the electron yield measurement®) The same spectra as in

cussed in the literaturéRef. 24. (A) corrected for saturation effects as discussed in the text using
Ae=20 A.

Lag ,SroFe0; and LaFe@ below their respective ) C. Origin and correction of electron yield saturation effects

temperatures. We note that the overall spectral shape of the Quantitative determination of the direction of the AFM
Lag4SrodFeO; spectra is in agreement with the literattre  axis from the observed NEXAFS intensity variations re-
and the observed polarization dependence is similar to that éfuires that in addition to the elliptical polarization of the x
the undoped LaFegilm grown on SrTiQ (110. In particu- [aYS @ second experimental artifact is taken into account.

lar, one notices that the orientation of the dichroism is theThIS is the so-called saturation effect in yield measure-

ments? which has been carefully investigated for thgs
same for L3,,Sro¢~€0; and LaFeq. . . absorption edges of the transition metals Fe, Co, and Ni
Our results are in good accord with previous findings that(Refs 35-39and the iron oxides-Fe,05 and FeO; (Ref
in transition metal oxides the spectral shape is mainly deterjfo) Iﬁ these yield spectra the height %f the absi)rptio.n
mined by thed" electron ground state configuration and ..

. ; ~o resonancegthe so-called white lingds found to be reduced
the local bonding symmetr As illustrated in Fig. 1A), the significantly.

six O atoms surrounding each Fe atom give a local octa- "The significance of saturation effects for LaRei® dem-
hedral symmetry with a single Fe-O distance of 1@83  gnstrated in Fig. 6\) showing two normalized TEY
in Lao 4Sro éFeOs bulk and three nearly identical distances in spectr&>2® which were recorded for the same in-plane ori-
LaFeQ bulk of 2.0021) A, 2.0091) A, and 2.0101) A. The  entation of the electric field vector, but at different incidence
noncubic symmetry of the LaFgCQattice arises from the angles of the x rays relative to the film surface. The solid line
next-nearest-neighbor arrangement outside the octahedrgppectrum was recorded at norng@0°) and the dashed spec-
Fe-O units within the crystal unit cell. We therefore concludetrum at grazing incidenc&0°). Although the overall shape
that the linear dichroism is of magnetic and not crystallo-of the two spectra is similar, the peak heights are signifi-
graphic origin. cantly reduced in the grazing incidence spectrum.
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these saturated data the unsaturated absorption coefficient
can be calculated if the yield sampling depth is known.
As discussed in the literatute®®“°the sampling depth

w0l ——  Exper. | can be determined in specific experiments. In addition, we
Data note that one may obtain, from any two electron yield
Atomic spectra, which have been recorded for the sadfmeector
T g;gts;n orientation under different x-ray incidence angi®s The

saturation-corrected absorption coefficients derived from
such two experimental spectra will only match if the correct
sampling depth is assumed. We have used this approach to
derive N\ for the two electron yield spectra shown in Fig.
5(A). With a value ofr =20 A for the TEY sampling depth

of LaFeQ; at the Fel , ; edges we obtain the indistinguish-
able spectra plotted in Fig(B). We note that this TEY sam-
pling depth is surprisingly small, much closer to the value of
17 A reported for metallic irof? than to the 50 A and 35 A

7 _ Z;;l:r‘_l reported recently forx-Fe,0; and Fg0,.*° We speculate
§4° i Data | that the shorter sampling depth may result from the higher
-1 After number of shallowly bound electrons of the lanthanum atoms
;§ """"""" iz"r‘r“;ttllzﬁ replacing every other iron atom in the Lakglattice.

3 T This saturation-correction procedure yields automatically
S 20 L értg;’;‘c the saturation-corrected absolute absorption coefficient,
-% Section which is plotted as a dotted line in Fig(E. From the ordi-

2 nate scale one can directly determine the x-ray absorption
< length\,(710.2 eV)=208 A in LaFeQ for this particularE

vector and AFM axis orientation. In particular, for an x-ray
incidence angle of 20°, the effective x-ray penetration depth
becomes only about 70 A. Henck,~3\, only, and the

FIG. 6. (A) Scaling of a yield spectrurtsolid line) outside of ~ Saturation effects are expected to be significant, in line with
the resonance region to the calculated absolute atomic absorptidh® €xperimental observation shown in FigA%
coefficient(Ref. 43, dashed-dotted linshown for the example of The saturation correction is limited in the case of the data
the ®=20° TEY spectrum from Fig. 8A). (B) Enlarged., ; region discussed here by the experimental reproducibility of the
of (A) showing in addition the saturation corrected specttdotted ~ SPectra, because two, or in certain cases even three, different
line). experimental spectra are necessary to calculate the spectra
corresponding to pure linear polarization. Hence, any drift of

The origin of saturation effects in TEY measurements car;[he monochromator energy can affect peak heights and line

be understood from Fig(B). The x-ray absorption length is shapes. The uncertainty of the saturation correction can be

. . . expressed as an uncertainty in the determined TEY sampling
given by, (hv)=1/u,(hv), whereu,(hv) is the x-ray lin- depth. We obtain =20+ 3 A.
ear absorption coefficient. Saturation effects become impor- 5\« to the short sampling depth only about the top 2 nm

tant when projection of the x-ray absorption length along thgayer of the thin films contribute significantly to the spectra,
surface normalj,(hv) sin(®), becomes comparable to the anq all conclusions drawn from the data apply only to this
effective electron escape depth, which is of the order of a near-surface region. Within this region, however, we did not
few nanometers. This is most likely the case at resonancend any variation of the polarization dependence perpen-
energies, where the absorption is strong, corresponding todicular to the film surface. To investigate any inhomogeneity
short absorption length, and also at grazing x-ray incidencepver the sampled region, we recorded absorption spectra us-
where sin@)<1 and the effective x-ray penetration is re- ing Auger electron yieldAEY) detectior?® The FeLVV
duced by geometry. Auger electrons were detected by an electron energy ana-
As discussed in the literature, if the TEY sample compo-lyzer in two geometries with the same electric field vector
sition is known, saturation effects in yield spectra can beorientation but different electron take-off angles. For glanc-
corrected under certain conditiof’s>®3%4%-42To do so one ing electron take-off angles the AEY sampling depth is
exploits the fact that saturation effects are generally neglirfeduced to about one monolayer. We obtained identical
gible for photon energies far off any absorption edge, andAEY spectra, indicating that the spin structure was homoge-
that the absorption coefficient of a given element is nearlyn€ous, within experimental error, throughout the near-surface
independent of the chemical environment in these energ{egion.
regions. Scaling of the yield spectra to the calculated absorp- ,
tion coefficient in these regiorisee Fig. 6A)] transfers the D. XMLD spectra of LaFeO4/SrTiO; (110
arbitrary units of the yield spectrum to an absolute absorp- The polarizatior* and saturation-corrected XMLD spec-
tion coefficient scalémeasured in units of lengtht). From  tra of LaFeQ/SrTiO; (110 are plotted in Fig. 7 for the il-
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FIG. 7. Polarization- and saturation-correctedLg NEXAFS
spectra of LaFe@SrTiO; (110 calculated from the experimental
spectra for the indicate&-vector orientations. The electric field
vector of the linearly polarized x rays is oriented perpendicular to
the film (solid gray, in-plane paralleldashed black and perpen-
dicular (solid black to thec axes of both twinned crystallographic
LaFeQ, domains present in the film.

Normalized Peak Height (arb. units)

-90 -45 0 45 90
Photon Incidence Angle (°)

FIG. 8. Angular dependence of tkyeolarization- and saturation-

] ) corrected intensity of peakB in Fig. 7 when rotating the electric
lustrated orientations of the vector along the three orthogo- fieiq vector within the two indicated planes perpendicular to the

nal sample axes. They were calculated from the measurefim surface. Dots and squares refer to rotation offthesctor in the
spectra by use of the known linear polarization degree ang-z andx-z plane(left and right figure in the upper pangtespec-
the known co§®) angular dependence of the NEXAFS in- tively. The photon incidence angle is given relative to the film sur-
tensities(see below. For the dashed spectrum, tRevector  face, i.e., normal incidence corresponds to 90°, in which cask the
is oriented along the axis of both twinned crystallographic vector is parallel to the film surface along tbexis (x direction in
domains present in the filfisee Fig. 1B)]. For the other two the experimental geometry sketched in the leight) part of the
E-vector orientations, along the (solid black andz direc- upper panel. The symmetrical shape of the data points relative to 0°
tions (solid gray, an average o&-axis andb-axis orienta- incidence angle reflects the multidomain structure of the film. The
tions is measured because of the two twinned crystalloblack and gray lines are the result of a fit to the experimental data as
graphic domains. discussed in the text.

Figure 7 shows clearly that all three spectra are different.
These differences are not caused by saturation effect corre~M axis. The problem lies with insufficient knowledge
tions, because for the, edge saturation effects are only on about the peak heights for at least one of the extreme cases
the order of 3% compare Fig. § while the observed dichro- with the AFM axis parallel or perpendicular to tRevector.
ism for the peak labeleB exceeds 10% in all cases. The fact Since several multiplet staté<ontribute to each absorption
that the three spectra differ indicates that the AFM axis, avstructure, none of the peaks disappears for any geometry. In
eraged over the sampled domains, is not oriented parallel t8ec. Ill1 below we will show how this problem can be
any one of the three orthogonal axes shown in the filile.  solved.
it were, two of the spectra in Fig. 7 would be identical. From
22?&/2;; ]:St ZTotshé:te t;aﬁggxisshown In Fig. 7 we see that the E. XMLD spectra of LaFeO3/SrTiO5 (100

In order to obtain a detailed picture of the AFM axis ori-  The saturation- and polarization-corrected NEXAFS spec-
entation we have measured spectra for Eheector located tra of LaFeQ/SrTiO; (100 are plotted in Fig. 9. The solid
within two orthogonal planes that are both perpendicular tcand dashed lines correspond to theector oriented perpen-
the film surface, as indicated in the top panel of Fig. 8. In thedicular and parallel to the film surface, respectively. The
bottom panel we have summarized the polarization depereomparison of the two spectra reveals a dichroism effect,
dence by plotting th¢polarization- and saturation-correcied whose size is significant but considerably smaller than that
height of the second peak of the region(peakB in Fig. 7). observed for the film grown on the SrTj@110 surface.
Dots and squares indicate orientations of the electric field When rotating the electric field vector within the film sur-
vector within thec-z and x-z planes, respectively. The two face, one does not observe any in-plane dichroism. This in-
curves are symmetric relative to the surface nort@alangle  dicates that the macroscopic orientation of the AFM axis has
of incidencg, reflecting the twofold magnetic symmetry of higher than twofold symmetry about the surface norffiéh
the sample. fact, the absence of any in-plane dichroism is expected from

From the observed angular dependence alone, it ithe fourfold crystalline in-plane symmetry of the substrate
not possible to quantitatively derive the direction of theand from the average over the two, each twofold symmetric,
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FIG. 9. FeL, 3 NEXAFS spectrgRef. 23 of LaFeG grown on FIG. 10. Polarization-dependent Rg ;3 NEXAFS spectra of

a SrTiQ; (100 substrate with the electric field vector {dashed ~ LaFeQ [polarization(Ref. 23 and saturation correctgdrown on a

and out of (solid) the surface plangpolarization (Ref. 23 and  SrTiO; (100 substrate miscut by 2° alori@01], giving a stepped

saturation correctdd surface with an average terrace width of 110 A. TEM analysis
shows that the in-plane anisotropy favors by 4:1 the growth of

twin domains present in epitaxial LaFgon SrTiO; (100) as crystallographif: LaFeQdomains yvith the gxis parallgl to the step
illustrated in Fig. 1C). The angular dependence of the di- edges over twinned domains with tleeaxis perpendicular to the

chroism in the two spectra in Fig. 9 indicates that the AFMSteP edges. For the indicated geometries the electric field vector of
axis is tilted out of the surface plf;lne the linearly polarized x rays is lying in the film surface oriented

parallel (dashed blackand perpendiculafsolid black to the step
_ edges. The gray line, which is in close agreement with the average
F. XMLD spectra of stepped LaFeQy/SrTiO3 (100 of the other two spectra, is the spectrum recorded for the LgFeO

We also investigated a LaFgSrTiO; (100 sample film grown on the flat SrTi@ (100 substrate with the electric field
grown on SrTiQ (100 that was miscut by 2° relative to the VEStor I¥ing in the surface planaken from Fig. 9.
surface along001]. This gives &100) surface with approxi- o )
mately 110 A wide terraces. X-ray diffractiofkRD) and  for the extreme situations oE-vector alignment parallel
TEM results for this sample reveal the same two twinned®Nd perpendicular to the AFM axis. Such spectra are, how-
crystallographic domains present for Lake@own on flat ~ €Ver, essential for a quantitative determination of the AFM
SITiO; (100) [see Fig. {C)]. However, on the miscut sub- axis orientation in the films. In the following sections we
strate the growth of domains with tieaxis oriented parallel ShOW how this iinformation can be obtained by spectro-
to the step edges is favored by approximately 4:1 over thos&!CTOSCOPY® i.e., spectroscopy with a lateral resolution
with the ¢ axis perpendicular to the step edges. smaller than the size of the twin domains. .
The FeL, 5 XMLD spectra recorded for this film, shown  For this purpose we used the photoemission electron mi-
in Fig. 10, reveal that the crystallographic in-plane asymmeCrOSCope(PEEM) at the Advanced Light SourcéALS) in

try is accompanied by an in-plane magnetic asymmetry. -|-h§erkele)/.‘7 Like the spectroscopy studies discussed above,
spectra correspond to an in-plane orientation offheector ~PEEM measures the electron yield from the sample, except
parallel(dashed blackand perpendiculaisolid black to the with additional lateral resolution. The resolution is provided
step edges. For comparison, we also show as a gray line ty an electrostatic column that images electrons from a cer-
in-plane spectrum recorded for the Lakefdm grown on  t@in sample position onto a specific point on a phosphor
the flat SITiQ (100) substrate. This spectrum is identical to SCreen that is read by a charge-coupled device camera. The
the average of the black and dashed spectra, within experi@g€ contrast in PEEM is due to variations in the local

mental accuracy. This is consistent with the intuitive expecXTay absorption coefficient, measured as changes in the lo-

tation that the presence of steps just changes the relatig®! €lectron yield intensity. This gives PEEM all the proper-
abundance of the twin domains but that for a given twintl€S Of NEXAFS spectroscopy, namely, elemental specificity,

domain the orientation of the AFM axis is identical for chemical sensitivity, and magnetic sensitivity through x-ray

LaFeQ films grown on flat and stepped SFEH®@L00) sub- magnetic circulartXMCD) and linear(XMLD) dichroism
strates. effects.

Figure 11 shows a PEEM image of a 40 nm Lakéiln
) grown on a SrTiQ (100 bicrystal, which is made out of two
G. XMLD microscopy SrTiO; (100 crystals joined together with the(110) and
Since the x-ray beam footprint on the sample is large(010) faces. The resulting orientation of the crystallographic
compared to the size of the crystallographic domains, théwin domains in the right and left halves of the bicrystal and
spectroscopy results presented above give an average owéee direction of vector of the incident light are indicated in
the twin domains present in the film. Therefore the spectrosthe inset. The photon energy selected to record this image
copy studies do not allow one to obtain reference spectranatches the second peak of the absorption structurésee
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LaFeO;/ SrTiO; (100) 2° Miscut

- w T Step

FIG. 11. Photoemission electron microscq®EEM) image of

. : ) . FIG. 12. PEEM image of a stepped Lake@m grown on
a LaFeQ film grown on a SrTiQ (100 bicrystal. The inset shows

> . > SrTiO; (100 miscut by 2° along001]. The image has been re-
the ﬂlrtactlonf Or]: t::?c axes ﬁf the cr_ystalflograplhm ‘?'O][T‘?(;”S n thef corded with the electric field vector aligned parallel to the step
two halves of the film and the direction of the electric field vector o edges and the selected photon energy of 723.2 eV matching the

the inciden_t linearly polarized x rays.'The photon energy used Qecond peak of the Ae, resonanceRef. 48. Hence, brightdark)
record the image was 723.2 eV matching the second peak f,the regions correspond to antiferromagnetic domains with the in-plane

region(Ref.I 48.°The _abgencefo;any contrast onhthe Ie.fft side is dueprojection of their antiferromagnetic axis paral{perpendicularto
to an equal 45° projection of thé vector onto the antiferromag- the electric field vector. The image shows that the area ratio of

netic axes in the two tvx_/ms. The image algo 3“9963‘3 a CorreSporB'right to dark regions follows the area ratio of crystallographic

dence of crystallographic and magnetic orientations. domains with the crystallographic axis parallel to perpendicular to
the step edges. This suggests that the in-plane projection of the

arrow in Fig. 9.8 Since the intensity of this peak is largest AFM axis is oriented parallel to the axis.

for the E vector parallel to the AFM axis, bright areas in the

image reflect AFM domains with their AFM axis alorig LaFeQ on SrTiQ; (100 within each domain the in-plane

black areas indicate domains with their AFM axis perpen-projection of the AFM axis is oriented along the crystallo-

dicular toE, and gray areas indicate a 45° relative orienta-graphicc-axis.

tion. A careful study of the contrast dependence on azimuthal

sample orientation showed that the maximum black/white

contrast is obtained for parallel/perpendicular orientation of

the E vector and the crystallographicaxes sketched in the By recording images as a function of photon energy, a

right half of the figure inset, while for the 45° relative orien- so-called image stack, PEEM can be used for nanometer

tation sketched in the left half of the figure inset the domainspectroscopy?*°*°We have used the energy dependent im-

contrast vanishes completely. age intensity of two different domains of a LaRg&rTiO;

We conclude from the PEEM image and the observed100) sample(e.g., a bright and a dark domain of Fig.) 1t
angular dependence that the AFM domain structure of theecord single-domain x-ray absorption spectra. The local ab-
LaFeGy/SrTiO; (00D film has the same fourfold symmetry sorption spectra of the bright and dark domains are shown as
as the crystalline microstructure. They further show that theopen diamonds and solid circles in Fig. 13, respectively.
in-plane projection of the AFM axis is either parallel or per-  As discussed before, the bright and dark domains have a
pendicular to the crystallographecaxis. perpendicular in-plane projection of their respective AFM

Figure 12 shows a PEEM image of the stepped LafFeOaxes. Therefore we only know with certainty that for the dark
film. The sample was oriented with the step edges parallel tdomains theE vector is truly perpendicular to the AFM axis,
the horizontalE vector of the linearly polarized x rays. The independent of any out-of-plane orientation of the AFM axis.
photon energy selected to record the image corresponds &sthe bright domains, however, the in-plaBevector is not
before to the second peak of the absorption structurésee  parallel to the AFM axis, if this is oriented at an angle with
arrow in Fig. 10.*® The image reveals clearly that the ma- the surfacg" (which we will show to be the case
jority of the AFM domains has an in-plane projection of  The lines in Fig. 13 reproduce the macroscopic NEXAFS
their AFM axes parallel to the step edges. Quantitative analyspectra recorded on LaFe(SrTiO; (110 with the E vector
sis yields the expected 4:1 ratio for the areas of domainin the surface plane oriented paralldiashed ling and per-
appearing bright to dark in the image. The combined rependicular(solid line) to the c axis of the twinned domains
sults of the two PEEM images therefore show that for(see Fig. 3 Comparison of the spectrum for the dark do-

H. XMLD spectromicroscopy
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FIG. 13. Comparison of single-domain NEXAFS specfitted (B) i (D) ]
and open symbolsrecorded by PEEM for LaFeZSrTiO; (100) 4l N LA 4%-.o. &
with macroscopically measured spectra of LagS0riO; (110). [ 1 I "--.,__ . ‘.---" 1
The spectrum shown by the filled dots has been recorded in a dark | 1 I (1 ]
region in Fig. 11 and closely resembles the macroscopically 31 4 3Lk _
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measured NEXAFS spectrum with thE vector oriented per-
pendicular to thec axis (solid line). The open symbols reproduce
the spectrum recorded within a white region in Fig. 11. It is FIG. 14. Angular dependence of the intensity of pekn

compared to the macroscopic spectrum recorded with the electriﬁig. 7 simulated for 100% linearly polarized x rays assuming

field vector parallel to the axis. All four spectra are as measureq the following orientation of the AFM axis within each microscopic

with 85% of the radiation intensity linearly polarized in the hori domain (notation as in Fig. B (A) along thea axis as in bulk

zontal plane. LaFeQ;; (B) along thec axis; (C) tilted 45° out-of-plane within

. . o the c-z plane; (D) tilted 35° out-of-plane within thec-z plane.
mains (black dots with the solid line spectrum shows that gqyares and circles ifD) are the experimental data reproduced
they are very similar. After taking into consideration the di- from Fig. 8.

minished spectral resolution of the PEEM beam [j@€0

meV (Ref. 52] relative to the SSRL spectroscopy beam line yrjentation ofE vector and AFM axi€® The contribution of

10-1 (200 meVj, we conclude that within experimental ac- each AFM domaini to the macroscopically averaging ab-
curacy the two spectra are identical. The Macroscopigorption spectrum &5

XMLD spectrum given by the solid line must therefore cor-
respond to arE-vector orientation perpendicular to the AFM _
axis of all domains in the LaFefBrTiO; (110 film. We (@) =A+Bcos(ai), @
therefore conclude that within each domain of the LaffeO \ynere a; is the angle between the AFM axis of domain
SrTi0; (110 film the AFM axis lies within the macroscopic j and the axis defined by th vector of the incident line-
z-c plane(see Fig. 7. o . _ arly polarized photons. For a perpendicular orientation
The local spectrum recorded within a bright domain of thethe contribution is given by the minimal intensisy while
LaFeQy/SrTiO; (100 film (open diamondsis also in close  the maximal intensityA+B is obtained for a parallel
agreement with the macroscopically recorded NEXAFSgyrientation.
spectrum with the electric field vector oriented along the The angular dependence of the expected height of Beak
axis of the LaFe@SrTiO; (110 film. This indicates very in Fig. 7 for four different AFM axis orientations is plotted in
similar out-of-plane angles for the AFM axis in the two films Figs. 14A)—14D). We have assumed the same geometries
[we find +35° for (110) versus=45° for (100) substrates; a5 for the measured polarization dependence in Fig. 8 and the
see belol parameters arA=2.70 andB = 1.94(see below. In the case
of Fig. 14A) the bulk AFM axis orientation along the crys-
IV. ORIENTATION OF THE AFM AXIS IN LaFeO 5 FILMS tallographica axis is assumed, which yields a polarization
, dependence in obvious disagreement with the experimental
A. LaFeOy/SITIO; (110 observation. Also in disagreegment is the polarizatitr))n depen-
In order to quantitatively determine the AFM axis orien- dence shown in Fig. 1B), for which it is assumed that the
tation in LaFeQ@/SrTiO; (110 we have simulated the angu- AFM axis is oriented parallel to the axis within each crys-
lar dependence for various orientations of the AFM axis. Fotallographic domain. Figure 18) is obtained assuming that
this simulation we included the information obtained fromthe AFM axis of each AFM domain lies within thez plane,
spectromicroscopy about the spectral shape for perpendiculéited =45° out of the surface, independently of the crystal-

©
S
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LaFeO;/ SrTiO, within the near-surface region of the LaRgfim grown on
— SrTiO; (100 to be also rotated away from the bulk orienta-
tion towards thec axis.

The average of any three spectra measured for orthogonal
orientations of thé= vector is identical to the isotropic spec-
trum that one would measure on a polycrystalline sarle.
Since the isotropic spectrum is solely determined by the
chemical composition of a material, the isotropic spectra of
LaFeG films grown on SrTiQ (110 and (100 should be
identical, which is indeed the caseomparison not shown
This comparison provides also a consistency check on the
saturation- and polarization-correction procedures.

------- E || AFM Axis -
F ——E 1 AFM Axis |
20 - ]

10F

Normalized Intensity (arb. units)

710 715 720 725

Photon Energy (¢V) C. Stepped LaFeQ/SrTiO 5 (100)
FIG. 15. Maximum amplitude of the XMLD effect of LaFg@n From Fig. 10 we concluded earlier that for a given twin

the absence of saturation effects shown by the spectra correspondomain the orientation of the AFM axis is identical for
ing to the electric field vector of 100% linearly polarized x rays LaFeQ, grown on flat and stepped SrTj@100 substrates.
oriented parallel(solid) and perpendiculatdashed to the AFM Hence, as for LaFeQon flat SrTiQ, (100 the tilt angle of
axis. The parallel spectrum is calculated from the spectra shown "E'ne AFM axis should ber45°. For the observed dichroism,
Fig. 7 using the determined orientation of the antiferromagneticis tijt angle corresponds to a ratio between AFM domains
axis. with the AFM axes parallel and perpendicular to the step
edges of about 4:1. Since this is the same ratio as found
lographic orientation of the andb axis. For this case the by TEM and XRD for the twinned crystallographic domains,
calculated angular dependence is closer to the experimentale conclude that the majority of the AFM domains has their
results in Fig. 8, which are reproduced by the dots and\FM axis in the same direction as the majority of the micro-
squares in Fig. 1d). The major difference is that the ex- Scopic crystallographic domains. This suggests that the AFM
perimental data indicate an angular dependence for both tf#omain structure follows the crystallographic domain
x-z plane and the-z plane. A simple change in the tilt angle Structure. _ S . .
of the AFM from 45° to +35° produces satisfactory agree- In the analysis of t_he observeo_l dichroism either the_ tilt
ment with the experiment, as shown in Fig.(4 A fit to angle of the AFM axis or the ratio of the AFM domains

the experimental data givea=2.70, B=1.94 and a tilt is required as input. It is, however, equivalent, whatever
angle of +(35+3°) o ' information is known. Since the PEEM results shown in
Havina det_ermined the direction of the AEM axis. we Sec. I G indicate that the ratio of the AFM domains is

can calculate from the experimental data the spectrum th irt1deed close to 4:1, we can also interpret the Spectroscopi-
perin P %ally observed dichroism as proof that microscopically the
corresponds to thé& vector aligned parallel to the AFM

: LT : ) . antiferromagnetism is not affected by the presence of the
axis, which is experimentally not accessible in a MacrO+arraces

scopic measurement due to the AFM domain structure of the

film. This spectrum, shown by the dashed line in Fig. 15, is

compared to the spectrum for tlevector aligned perpen- D. Summary of results

dicular to the AFM aX'S(S_O“d liné). The two spectra there- Our results represent a detailed determination of the AFM

forg represent the maximum ?(MLD. effect for LaFgO spin structure in the near-surface region of a thin film. The

which for theL, edge gives an intensity change of about & janations of the AFM axes for the investigated thin

factor of 2. LaFeG films are summarized in Fig. 16. The directions of

the AFM axes for each of the twinned crystallographic do-

) mains are given by the dashed gray arrows. Black lines re-

B. LaFe0,/SrTiO; (100 produce the crystallographic directions shown in Fi¢B)1

The tilt angle of the AFM axis in the case of the LaReO and 1C). When the determined AFM orientations in the

film grown on SrTiQ (100 can be determined by comparing near-surface layer of the thin films are compared to that in

the amplitude of the observed XMLD effe(fig. 9) to the  the bulk[Fig. 1(A)] we find in all cases a significant devia-

maximum XMLD effect(Fig. 15. Taking the fourfold sym- tion. In the thin film surfaces the AFM axis orientation ap-

metry of the AFM domain structure into account, one deterpears to be largely determined by the direction of ¢haxis

mines the AFM axis to be tilted by (45+3)° out of the film  and the presence of the film surface, since in all cases the

surface. This is the same tilt angle as for thandb axes of AFM axis points out of the film surface and its in-plane

the twinned crystallographic domaifsee Fig. 1C)]. How-  projection lies along the axis.

ever, from the PEEM results we know that the AFM axis  The presence of steps favors the growth of those twinned

does not lie in tha-b plane, but is in the plane perpendicular crystallographic domains, which have theiaxis parallel to

to it, which contains the axis. Hence, we find the AFM axis the step edges. We find complete agreement between the ra-
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(A)  LaFeO,/ StTiO, (110) (A)  LaFeO,/StTiO, (110)
[1101b &

y

[110] a

AFM

(B)  LaFeO,/StTiO, (100)
[100] AFM [100]

45°
e [0o1] gl [001]
C [010] [010]
a[ll o
© LaFeO, / SrTiO, (100) 2° Miscut L110] [010]
[100] AFM FIG. 17. lllustration showing that for the near-surface region of
— all studied thin films the AFM axigblack line lies within a(111)

45° plane (dark gray of the quasicubic sublattice, with a projection
onto the surface plan@ight gray) that is along the axis.
v > Lt ¢ axis and the condition to lie within é11) plane of the
C [010] quasicubic sublattice of LaFgO Since within thePbnm
space group this orientation of the AFM axis is not permitted
FIG. 16. Summary of the crystallographisolid black and  qgye to symmetry considerations, one has to conclude that the
AFM (dashed grayorientations in the near-surface region of thin crystal symmetry in these thin films differs from that of bulk
LaFeG films epitaxially grown on three different SrTiGubstrates LaFeQ. We note that a deviation of the AFM axis from the
as indicated. In all cases the in-plane projection of the antil‘erromagl—deal bulk direction, and therefore a change in crystal sym-

netic axis is oriented parallel to the crystallograpbiaxis. (C) o4 “has also been observed for polycrystalline Laf&0
shows the AFM axis of the majority twins of the two crystallo- . . . -
As mentioned before, we have found identical polariza-

graphic domains. tion dependencies for films with thicknesses ranging from 4
nm to 40 nm. This suggests that for this thickness range the
tio of crystallographic twins and magnetic twins, indicating derived orientation of the AFM axis also applies to the
that the microscopic crystallographic structure dictates thebulk” of the thin films, but a rigorous proof would require
microscopic AFM structure. AFM domain walls should a bulk sensitive measurement.
therefore follow crystallographic domain boundaries. This is
understandable because of the absence of dipolar fields in
antiferromagnets. Hence, there is no energetic penalty due to
dipolar fields for introducing a domain boundary at a crys- We have shown that x-ray magnetic linear dichroism
tallographic discontinuity. Consequently, it may be energetispectroscopy can be used to obtain detailed information on
cally favorable that the AFM axis is oriented within each the AFM spin structure of surfaces. The AFM structure is
microscopic domain along an easy AFM direction. found to differ markedly from the bulk case. This has impor-
The tilt angles of the AFM axis to the film surface are tant implications, e.g., for the understanding of exchange-
+35° for SrTiQ; (1100 and *£45° for SrTiO; (100 sub-  bias phenomena. One of the crucial assumptions made in
strates. These angles correspond to the intersection angle wiost of the current exchange-bias models is shown to be
(111) planes with the film surfaces as illustrated in Fig. 17.incorrect, namely, that the exchange coupling of a ferromag-
The (111) planes are shown within the cubic lattice of the net is determined by the bulk like AFM spin structure.
SrTiO; substrate, and the light gray areas give the orientation
of the LaFeQ film surfaces. The orientations of the AFM
axes are given by black lines. In all cases, these lines fall
within a (111 plane, which are indicated in dark gray. The authors acknowledge E.E. Fullerton and M.F. Toney
We conclude that for the investigated thin epitaxialfor fruitful discussions and their XRD analysis of the micro-
LaFeG films the orientation of the AFM axis in the near- crystalline domain structure of the LaFg@ims, in particu-
surface region is determined by the direction of the in-plandar, of the one grown on the miscut SrQubstrate. Fur-

V. CONCLUSIONS
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